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Abstract. In this paper, the spatial correlations of iono-
spheric day-to-day variability are investigated by statistical
analysis on GPS and Incoherent Scatter Radar observations.
The meridional correlations show signiﬁcant (>0.8) correla-
tions in the latitudinal blocks of about 6degrees size on av-
erage. Relative larger correlations of TEC’s day-to-day vari-
abilities can be found between magnetic conjugate points,
which may be due to the geomagnetic conjugacy of several
factors for the ionospheric day-to-day variability. The cor-
relation coefﬁcients between geomagnetic conjugate points
have an obvious decrease around the sunrise and sunset time
at the upper latitude (60◦) and their values are bigger be-
tween the winter and summer hemisphere than between the
spring and autumn hemisphere. The time delay of sunrise
(sunset) between magnetic conjugate points with a high dip
latitude is a probable reason. Obvious latitude and local time
variations of meridional correlation distance, latitude varia-
tionsofzonalcorrelationdistance, andaltitudeandlocaltime
variations of vertical correlation distance are detected. Fur-
thermore, there are evident seasonal variations of meridional
correlation distance at higher latitudes in the Northern Hemi-
sphere and local time variations of zonal correlation distance
at higher latitudes in the Southern Hemisphere. These vari-
ations can generally be interpreted by the variations of con-
trolling factors, which may have different spatial scales. The
inﬂuences of the occurrence of ionospheric storms could not
be ignored. Further modeling and data analysis are needed to
address this problem. We suggest that our results are useful
in the speciﬁc modeling/forecasting of ionospheric variabil-
ity and the constructing of a background covariance matrix
in ionospheric data assimilation.
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1 Introduction
It is now well known that the ionosphere displays both
a background state (climatology) and a disturbed state
(weather). These variations cover a wide range of time
scales, which range from operational time scales of hours
and days up to solar cycles and even long-term trends (Rish-
beth, 1998). Among these variabilities with different time
scales, day-to-dayvariabilityisoneofthemostfrequentlyin-
vestigated recently for both scientiﬁc and applicable reasons
(Forbes et al., 2000; Fuller-Rowell et al., 2000; Mendillo
et al., 2002; Rishbeth and Mendillo, 2001). Bradley et
al. (2002) have given a detailed explanation of the terminol-
ogy variability. Most of the ionospheric characteristic pa-
rameters’ day-to-day variability, including foF2, hmF2, foF1,
foE, B0, and B1, have been studied by using ionosonde ob-
servations from single, regional, or global stations (Dabas et
al., 2006; Araujo-Pradere et al., 2005; Fotiadis and Kouris,
2006). This research give us a general variation of iono-
spheric variability versus solar radiation, geomagnetic ac-
tivity, latitude, and local time. Furthermore, Bradley et
al. (2004) and Miro Amarante et al. (2004) even investigated
the day-to-day variability of electron density proﬁles. Ex-
cept for statistical analysis, Fuller-Rowell et al. (2000) and
Mendillo et al. (2002) have modeled the ionospheric vari-
ability response to geomagnetic activity and meteorological
disturbances quantitatively, using different theoretical mod-
els, respectively.
However, most research related to day-to-day variability
in the past concentrated on its variations with local time,
latitude, solar and geomagnetic activity, and attempted to
give corresponding physical explanations. The spatial cor-
relation scales of these variabilities have rarely been investi-
gated systematically (at least to our knowledge up to now),
except for Bradley et al. (2004), who have investigated the
correlations of the variabilities of different parameters. The
spatial correlation is a measure of how well a deviation at
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one point is mirrored at a remote point. Perfectly corre-
lated data will have correlation coefﬁcients equal to 1, drop-
ping to 0 for no correlation between the data, and -1 for
perfect anti-correlation. The horizontal correlation of iono-
spheric climatology has been studied by several researchers
using ionosonde, GPS, and TOPEX observations (Bust et
al., 2001; Gail et al., 1993; Huang, 1983; Klobuchar et al.,
1995; Nisbet et al., 1981; Rush, 1976; Saito, 1978). But
most of these papers investigated the horizontal correlation
of the mid-latitude area. Few investigations are related to
the ionospheric vertical correlation. Furthermore, the spatial
correlation of different time scales in ionosphere may have
differences, as they have different causes. Yu et al. (2007)
have investigated the correlation distance of NmF2’s day-
to-day variability by using ionosonde observations in Eu-
rope. But their conclusions can only be applied to the mid-
latitude. In this paper, we will investigate the spatial cor-
relation including both the horizontal and vertical correla-
tion of ionospheric day-to-day variability systematically by
statistical analysis on GPS and Incoherent Scatter Radar ob-
servations on a global scale. There are also several other
reasons for us to implement this work as follows. (1) Iono-
spheric weather can have detrimental effects on several hu-
man activities and systems, including high-frequency com-
munications, over-the-horizon radars, and survey and navi-
gation systems using Global Positioning System (GPS) satel-
lites. To avoid the destructive effects of ionosphere weather
on military and civilian systems, there is a growing need to
more accurately represent and forecast the ionosphere. Ac-
cording to Nisbet et al. (1981), it would be necessary to in-
clude some measure of the ionosphere’s day-to-day variabil-
ity to obtain a more accurate prediction of the ionosphere.
They found that the data within 1000km of the point to be
predicted were useful for the prediction. Beyond 3000km
the accuracy of the updated model was found to be no better
than the predictions made using the model alone. Actually,
here the 1000km or 3000km is related to the spatial corre-
lation distance of the ionosphere. So it is important for us
to know exactly the variation of the ionospheric spatial cor-
relation of day-to-day variability versus many factors, such
as latitude and local time, to give a more accurate predic-
tion of ionospheric weather. Furthermore, the scale factor
(SF), which is frequently used in ionosphere mapping, is
also correlated with the ratio of zonal correlation distance
to the meridional correlation distance (Stanislawska et al.,
1996). (2) Recently, many researchers attempt to incorpo-
rate observations and ionospheric models by using optimiza-
tion schemes, known as the data assimilation method, to give
speciﬁc representation of the ionosphere (Bust et al., 2004;
Fuller-Rowell et al., 2006). When doing the data assimila-
tion, especially based on the empirical model, an accurate
correlation model of the ionosphere is very important (Bust
et al., 2004; Fuller-Rowell et al., 2006). It determines the
extent of data inﬂuence on regions where there is no data.
(3) According to Rishbeth and Mendillo (2001), there are
many causes that can result in the day-to-day variability of
the ionosphere. A better knowing of the ionospheric correla-
tion distance of these variabilities may help us to understand
the spatial scale of different causes.
The remainder of this paper is organized as follows. Sec-
tion 2 describes the data source and analysis method. The
results are given in Sect. 3. We give our discussions and con-
clusions in Sects. 4 and 5.
2 Data source and analysis method descriptions
In this paper, we assume that the spatial correlations of the
ionosphereareseparablemeridionally, zonallyandvertically,
as Bust et al. (2004) did. We use GPS-TEC to investi-
gate the horizontal correlation of the ionosphere. The TEC
value used here is the Jet Propulsion Laboratory Global Iono-
spheric Map (JPL GIM). Mannucci et al. (1998) and Iijima et
al. (1999) have described the method and process of retriev-
ing the grid vertical TEC from global GPS measurements in
detail. They used the Kalman ﬁlter to simultaneously solve
for the values of hardware biases and the vertical TEC map.
From the many IGS stations available, up to 100stations are
selected to optimize geographic coverage. With the increase
in the number of IGS stations, the selected stations are not
ﬁxed. So we could not show the exact GPS stations used
here. The vertical TEC data provided are between geograph-
ical latitude –87.5◦ and 87.5◦ with an interval of 2.5◦, and
between geographical longitude –180◦ and 180◦ with an in-
terval of 5◦. As we know, the ionospheric electron density
is more symmetrical in geomagnetic coordinates than in ge-
ographical coordinates. So we ﬁrst transform the data in a
geographical reference frame to apex magnetic coordinates
by interpolation (Richmond, 1995). According to Mannucci
et al. (1998), the GIM products have relatively larger errors
in high latitudes and ocean areas because of less coverage.
So we just used the data between the apex magnetic latitude
–60◦ and 60◦. It should be pointed out that GIM data errors
associated with the thin spherical shell assumption, the data
interpolation, and the insufﬁcient station coverage in ocean
areas, may affect the statistical results. By comparison with
TOPEX TEC, the daily RMS accuracy of GIM TEC maps
has been better than 10 TECU. Accuracy has been better than
5 TECU in the months where the TEC was low (Iijima et al.,
1999). But the error may be smaller inland because of better
data coverage there.
The Millstone Hill (42.6◦ N, 288.5◦ E; 72◦ N Dip) Inco-
herent Scatter Radar observed electron densities from 4 Oc-
tober to 4 November 2002, are used to study the vertical
correlation of the ionosphere. The proﬁles are ﬁtted by the
two-layer Chapman function (Fox, 1994). The ﬁt method
used here is focused on the F2-layer. So it may have a rela-
tively bad performance when the proﬁle in the topside iono-
sphere demonstrates an inﬂection point or a second peak or
when the F1 layer exists (Fox, 1994). Then we calculate the
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Figure 1. Correlation coefficients sketch map. From left to right panels are meridional, zonal, and 
vertical correlation coefficients, respectively. Meridional correlation coefficients are shown between 
mlat -60o-60 o, and the top and bottom panel corresponds to night and day time. Zonal correlation 
coefficients are shown between different local times, and the top and bottom panels are for mlat 40 o 
and 0 o, respectively. Vertical correlation coefficients are shown between 200-600 km, and the top and 
bottom panels are for night and day time, respectively. 
Fig. 1. Correlation coefﬁcients’ sketch map. From left to right panels are meridional, zonal, and vertical correlation coefﬁcients, respectively.
Meridional correlation coefﬁcients are shown between mlat –60◦–60◦, and the top and bottom panel corresponds to night and day time. Zonal
correlation coefﬁcients are shown between different local times, and the top and bottom panels are for mlat 40◦ and 0◦, respectively. Vertical
correlation coefﬁcients are shown between 200–600km, and the top and bottom panels are for night and day time, respectively.
electron densities between 200–600km with an interval of
2km by the ﬁtted coefﬁcients.
To calculate the correlations of N variables in a vector ϕ,
we ﬁrst construct a matrix consisting of different samples of
ϕ. Then the variance covariance matrix of the sample matrix
isobtained. Thecorrelationcoefﬁcientcanthenbecalculated
from the covariance element. The processes are represented
by the equations:
A = (ϕ1,ϕ2,...,ϕm) ∈ RN×m
A0 = A − A
P = A0(A0)T
m−1
Rij =
Pij √
PiiPjj
,
(1)
where A is the sample matrix of vector ϕ, A is the sample
mean of A, P is the variance covariance matrix of A, and
Rij is the correlation coefﬁcient between variables i and j in
vector ϕ. The correlation coefﬁcients of electron densities
are derived as follows. At ﬁrst, the day-to-day variabilities
of TEC and electron densities are calculated by differenc-
ing them with their corresponding value from the previous
day. For TEC, we chose the data of 2000 and 2005 to repre-
sent high and low solar activities, respectively. According to
Araujo-Pradere et al. (2004), it may be useful to introduce in-
termediate seasons between winter or summer solstices and
the equinox, in the seasonal variation analysis of the iono-
spheric variability. But in our work, the statistical results de-
pend on the sample numbers. The addition of a season means
relativly less days in each season. So the data are divided into
four samples, which correspond to the interval of February–
April, May–July, August–October, and November–January,
respectively, in every year in this work. The horizontal cor-
relations are calculated for the eight samples, respectively, to
investigate their solar and season variations. But for vertical
correlations, only one sample is used here. The longitudi-
nal effects are ignored when calculating both meridional and
zonal correlations. Then the correlation coefﬁcients are ob-
tained for the three directions, respectively.
3 Results
3.1 Correlation coefﬁcients’ sketch map
Typical correlation coefﬁcients of three directions are shown
in Fig. 1. According to the ﬁgure, both meridional and verti-
cal correlations have differences between day time and night.
The meridional correlations show signiﬁcant (>0.8) correla-
tion in the latitudinal blocks of about 6degrees on average.
Relatively larger correlations can be found between the mag-
netic conjugate points. Furthermore, the vertical correlation
has obvious altitude dependence. In the following, we will
give detailed results about these variations of the correla-
tions versus different factors, including local time, latitude,
altitude, and season.
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Figure 2a. Correlation coefficients between one fixed apex latitude with all other apex latitudes from 
-60 o to 60o. The number in every subplot is the corresponding apex latitude. The solid lines are mean 
values of different local time, month and year. The vertical dashed lines mark the corresponding 
magnetic conjugate latitude. 
Fig. 2. (a) Correlation coefﬁcients between one ﬁxed apex latitude with all other apex latitudes from –60◦ to 60◦. The number in every
subplot is the corresponding apex latitude. The solid lines are mean values of different local time, month and year. The vertical dashed lines
mark the corresponding magnetic conjugate latitude.
3.2 Correlation between magnetic conjugate points
Before illustrating the correlation coefﬁcients results, it is
important for us to know exactly which level of correlation
coefﬁcient is signiﬁcant or strong. As Bradley et al. (2004)
said, there is no consensus as to what represents signiﬁcant
or a highly signiﬁcant correlation, with some arguing that
there is only interest in occasions with R>0.9. In this pa-
per, we will follow their opinion and do not say signiﬁcant
when the correlation coefﬁcient is less than 0.9. Relatively
larger correlations can be found between magnetic conjugate
points from the isoline map of meridional correlation, espe-
cially during the daytime. Figure 2a shows the correlation
coefﬁcients between one ﬁxed apex latitude with all other
apex latitudes from –60◦ to 60◦. The number in every sub-
plot is the corresponding apex latitude. The solid lines are
mean values of different local time, month and year. The ver-
tical dashed lines mark the corresponding magnetic conju-
gate latitude. The correlation coefﬁcients between one ﬁxed
apex latitude and the ﬁeld near its conjugate latitude have
obvious protuberance. Figure 2b shows the local time vari-
ations of the correlation coefﬁcients between magnetic con-
jugate points during the interval of February–April, May–
July, August–October, and November–January, respectively.
With the increase in latitude, the local time variations be-
come more evident. The correlation coefﬁcients between –
60◦ and 60◦ have an obvious decrease in sunrise and sun-
set time. During the interval of May–July and November–
January, even negative correlations can be found between –
60◦ and 60◦ near sunrise and sunset. In the main, the corre-
lation coefﬁcients between conjugate points are bigger dur-
ing the interval of February–April and August–October than
May–July and November–January, which means the correla-
tions between conjugate points are greater in the equinoxes
than in the solstices.
3.3 Meridional correlation distance
In this paper, the correlation distance is deﬁned as the separa-
tionatwhichthecorrelationcoefﬁcientfallsto0.75. Thehor-
izontal and vertical correlation distances are represented by
degree and kilometer, respectively. The latitude, local time,
and seasonal variations of the meridional correlation distance
are shown in Fig. 3. According to the ﬁgure, we can obtain
several conclusions. There are no evident latitude variations
of the meridional correlation distance around midnight. The
mean value is between 7◦ and 8◦. In the daytime, the merid-
ional correlation distance is bigger in the mid-latitude than
in the low and equatorial latitudes and the value varies from
10◦ in mid-latitude to 5◦ in the equatorial area. However,
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Figure 2b. Local time variations of the correlation coefficients between magnetic conjugate points for 
the interval of Feb.-Apr.(solid lines), May.-Jul.(dashed lines), Aug.-Oct.(dashdot lines), and 
Nov.-Jan.(dots), respectively. The panels from left to right are for the magnetic conjugate points 
-60o-60 o, -40 o -40 o, -20 o -20 o, respectively. The top panel is the situation of year 2000, while the 
bottom for 2005. 
Fig. 2. (b) Local time variations of the correlation coefﬁcients between magnetic conjugate points for the interval of February–April (solid
lines), May–July (dashed lines), August–October(dashdot lines), and November–January (dots), respectively. The panels from left to right
are for the magnetic conjugate points –60◦–60◦, –40◦–40◦, –20◦–20◦, respectively. The top panel is the situation of year 2000, while the
bottom for 2005.
around sunrise (from LT=3 to LT=9), the meridional correla-
tion distance is larger in the equatorial area than in the mid-
latitude, whose mean value varies from 11◦ to 5◦. For all
the selected latitudes, the meridional correlation distance is
larger in the daytime than in the nighttime, which is consis-
tent with that of Yu et al. (2007). The mean value is between
5◦ and 15◦. Except for areas around the equator (from –
20◦ to 20◦), where the max meridional correlation distance
of a day appears around sunrise, the maximum always arises
in the afternoon (around LT=14). In the mid-latitude of the
Northern Hemisphere (from 40◦ to 60◦), the meridional cor-
relation distance is larger in summer than in equinox and
larger in equinox than in winter. Yu et al. (2007) also ob-
tained the same seasonal variations from ionosonde observa-
tions in Europe. But for the rest of the latitudes, no obvious
season variations can be found.
3.4 Zonal correlation distance
In this paper, the zonal correlation distance is deﬁned as the
east-westseparationatwhichthecorrelationcoefﬁcientsfalls
to 0.75. Local time variations of the zonal correlation dis-
tance for the selected latitudes during different seasons are
shown in Fig. 4. It is seen that the zonal correlation distance
increases with the increase in latitude in both hemispheres.
The mean value varies from 40◦ in the mid-latitude (abso-
lute latitude is equal to 60◦) to 20◦ in the equator. Except
in the mid-latitude of the South Hemisphere (between –60◦
and –40◦), where the zonal correlation distance is larger in
the nightside than in the dayside, there are no distinct local
time variations in the rest area. The same holds true for the
zonal correlation distance as meridional correlation distance;
the zonal correlation distance is little larger in summer than
in the other seasons in the mid-latitude of the North Hemi-
sphere (from 40◦ to 60◦). In general, the value of the zonal
correlation distance is larger than that of the meridional cor-
relation distance. These differences in correlation distance in
the north-south and east-west direction are also recognized
by many others (Rush et al., 1976).
3.5 Vertical correlation distance
Altitude and local time variations of the vertical correlation
distance are plotted in Fig. 5. When illustrating the altitude
variations, all the results in the different local times are plot-
ted together and the mean values are calculated. The ver-
tical correlation distance increases with an increase in alti-
tude. The mean value varies from 75km in 200km altitude
to 240km in the 600km altitude. According to the local
time variations of the mean values in the different altitudes,
www.ann-geophys.net/25/1815/2007/ Ann. Geophys., 25, 1815–1825, 20071820 X. Yue et al.: Statistical analysis on spatial correlation of ionosphere
 
Figure 3a. Latitude variations of meridional correlation distance for the 12 selected local times. Solid 
lines are the corresponding mean values of different seasons during 2000 and 2005.
Fig. 3. (a) Latitude variations of meridional correlation distance for the 12selected local times. Solid lines are the corresponding mean
values of different seasons during 2000 and 2005.
obvious local time variations can be concluded. The verti-
cal correlation distance is bigger in the daytime than in the
night, which is consistent with that of the meridional corre-
lation distance. The latitude and longitude variations of the
vertical correlation distance cannot be investigated here, due
to the choice of observations, and these will be studied in the
future.
4 Discussion
4.1 The relative larger correlation between magnetic con-
jugate points
Relative larger correlations of TEC’s day-to-day variabil-
ities can be found between magnetic conjugate points
from Fig. 2. Actually, the correlation between magnetic
conjugate points has been found by several researchers.
Yamamoto et al. (1995) observed electric ﬁelds ﬂuctuations
at magnetic conjugate points in both hemispheres simulta-
neously. They suggested that these ﬂuctuations are caused
by ﬁeld-aligned currents which ﬂow from the ionosphere in
one hemisphere to the conjugate point in the other hemi-
sphere. Geomagnetic conjugate point airglow observations
indicate that plasma depletions elongate along the geomag-
netic ﬁeld lines (Otsuka et al., 2002). According to Rishbeth
and Mendillo (2001), these factors, including electric ﬁeld
ﬂuctuations and ﬁeld-aligned plasma ﬂows, can result in the
day-to-day variability of the ionosphere. Even medium-scale
traveling ionospheric disturbances (MSTID) at mid-latitude
can also be observed at geomagnetic conjugate points si-
multaneously (Otsuka et al., 2004). It can be interpreted
by the polarization electric ﬁeld which maps along the mag-
netic ﬁeld and moves the F region plasma upward or down-
ward by E×B drifts, causing plasma density perturbations
with structures mirrored in the Northern and Southern Hemi-
spheres. Several sources of MSTID, such as atmospheric
gravity waves that propagate upward from the lower atmo-
sphere or are created in conjunction with auroral activity, au-
roral joule heating, and other weather events, may also cause
ionospheric day-to-day variability (Otsuka et al., 2004; Rish-
beth and Mendillo, 2001). So the geomagnetic conjugacy of
the above factors may also result in the corresponding ge-
omagnetic conjugacy of the electron densities’ day-to-day
variability. As indicated from Fig. 2b, the correlation coef-
ﬁcients between geomagnetic conjugate points have an obvi-
ous decrease around sunrise and sunset at the upper latitude
(60◦) and their values are bigger in the equinoxes than in
the solstices. These variations can simply be interpreted by
the deviation of the magnetic meridian from the geographical
meridian. Because of the existence of this deviation, some
geographic regions in one hemisphere, where the dip lati-
tudes are high, will have an earlier sunrise (sunset) than that
from the magnetic conjugate-points in the other hemisphere.
The time delay of sunrise (sunset) between the magnetic con-
jugate points will result in the differences in the photoioniza-
tion rates of the plasma. These differences are not notable at
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Figure 3b. Local time variations of meridional correlation distance in 12 selected latitudes for equinox 
(solid lines), summer (dashdot lines), and winter (dashed lines), respectively. 
Fig. 3. (b) Local time variations of meridional correlation distance in 12 selected latitudes for equinox (solid lines), summer (dash-dot lines),
and winter (dashed lines), respectively.
low latitudes because of the little dip latitude there and are
more obvious during solstice than during equinox because of
the lack of uniform sunshine during the solsticebetween both
hemispheres. One evidence of the above theory is the pre-
sunrise ion temperature enhancement phenomena observed
by ROCSAT-1 (Chao et al., 2003).
4.2 Variations of the correlation distance in three directions
versus several factors
Many controlling factors, such as solar radiation, geomag-
netic activity, and even seismic activity, may result in the
ionospheric day-to-day variability (Rishbeth and Mendillo,
2001; Pulinets, 1998; Pulinets and Liu, 2004). Rishbeth
and Mendillo (2001) have summarized almost all possible
causes of the ionospheric F-layer variability and broadly di-
vided them into four categories, which consist of solar ion-
izing radiation, solar wind and geomagnetic activity, neutral
atmosphere, and electrodynamics. Of these factors, solar ra-
diation, geomagnetic activity, and meteorological sources are
most frequently discussed. It is recognized that the mete-
orological sources of the F-layer variability are comparable
to the geomagnetic source and much larger than the solar
component (Forbes et al., 2000; Fuller-Rowell et al., 2000;
Mendillo et al., 2002; Rishbeth and Mendillo, 2001). Un-
der geomagnetic quiet conditions, the variabilities of Nmax at
high frequencies are mainly due to the meteorological inﬂu-
ences (Forbes et al., 2000). As can be imaged, the day-to-day
variabilities originating from different sources may have dif-
ferent spatial correlation scales. This is mainly because some
sources are global (e.g., solar radiation) while some are lo-
calized (e.g., meteorological sources). Mendillo et al. (2002)
found that the correlation scale size of meteorological distur-
bances may be around 2500km.
According to Forbes et al. (2000), ionospheric variabil-
ity increases with magnetic activity at all latitudes and for
both low and high frequency ranges, and the slopes of all
curves increase with latitude. Thus, the responsiveness of
the ionosphere to increased magnetic activity increases as
one progresses from lower to higher latitudes. But they
did not consider variations of in the variabilities versus lo-
cal time and season. The local time and seasonal vari-
ations the ionospheric F-layer variabilities are statistically
obtained by Araujo-Pradere et al. (2005) and Rishbeth and
Mendillo (2001) by analyzing global ionosondes observa-
tions. A greater variability of NmF2 at night than by day
and in winter than in summer was shown. Enhanced auroral
energy input and the lack of the strong photochemical control
of the F2-layer at night are considered to be the cause of this
phenomenon (Rishbeth and Mendillo, 2001). These varia-
tions of ionospheric variability indicate different dominating
causes at different local times and latitudes, which may have
different spatial correlation scales. These varied causes may
result in the latitude and local time variations of the merid-
ional correlation distance. The contrary latitude variations of
www.ann-geophys.net/25/1815/2007/ Ann. Geophys., 25, 1815–1825, 20071822 X. Yue et al.: Statistical analysis on spatial correlation of ionosphere
 
Figure 4. Local time variations of zonal correlation distance for the selected latitudes for equinox (solid 
lines), summer (dashdot lines), and winter (dashed lines), respectively. 
Fig. 4. Local time variations of zonal correlation distance for the selected latitudes for equinox (solid lines), summer (dash-dot lines), and
winter (dashed lines), respectively.
the meridional correlation distance around sunrise may have
a relationship with the time delay of sunrise at the higher dip
latitude, as well as the special electrodynamics factors at low
latitudes. These factors include the sensitivity of anomaly
peak densities to day-to-day variations in F-region winds and
electric ﬁelds driven by the E-region wind dynamo (Forbes
et al., 2000) or the equatorial electrojet strength (Dabas et
al., 2006). Considering the seasonal variation of ionospheric
variability, the lowest variability was typically found in sum-
mer and the largest variability occurred in winter, with the
equinox lying between the solstice extremes (Araujo-Pradere
et al., 2005). From ourresults, themeridional correlationdis-
tance also has obvious seasonal variations in mid-latitudes in
the Northern Hemisphere. This may be originated from the
differences in the meteorological disturbances between sum-
mer and winter at mid-latitudes in the Northern Hemisphere
(Yu et al., 2007). However, seasonal variations are not ev-
ident in low latitudes or in the Southern Hemisphere. The
inﬂuences of data coverage in Southern Hemisphere can also
not be eliminated. For the zonal correlation distance, the lat-
itude variations can partly be interpreted by the decrease in
the zonal circle with the increase in latitude. In Southern
Hemisphere, the zonal correlation distance is greater in the
nightside than in the dayside in all seasons. Further statistical
analysis and modeling are needed to investigate this problem.
For the mid-latitude, with the increase in altitude, the effect
of the dynamical process becomes dominate. The effect of
the dynamics process is more important at night than by day
because of the absence of solar radiation at night. These vari-
ations in the control factors probably result in the altitude and
local time variations of the vertical correlation distance of the
electron density. However, further investigations are needed
to address this issue.
4.3 Inﬂuence of ionospheric storms on the spatial correla-
tions
During the geomagnetic storms, the ionosphere presents
prominent disturbances with the increased solar and mag-
netospheric energy inputs, which is usually called an iono-
spheric storm. Since it was ﬁrst discovered, the ionospheric
storm has been studied extensively by the researchers all
over the world. Many excellent reviews on this topic have
been published in the last few years (e.g. Buonsanto, 1999;
Mendillo, 2006; Pr¨ olss, 1995). In general, the patterns
of ionospheric disturbances are different in different places
(high, middle, andlowlatitude)andlocaltimes(dayornight)
during the same geomagnetic storm (Mendillo, 2006). It can
generally be interpreted by the competitive results of differ-
ent disturbed factors, including neutral wind, electric ﬁeld,
O/N2, and etc.
Many researchers have studied the local time, latitude,
and seasonal variations of ionospheric negative and positive
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storms by statistically analyzing the worldwide observations
(Balan and Rao, 1990; Field and Rishbeth, 1997). In this pa-
per, we did not consider the geomagnetic activity in the sta-
tistical processes. So the derived correlations may probably
be inﬂuenced by the occurrence of an ionospheric negative
or positive storm.
As indicated from Fig. 2b, the correlations of conjugate
points between equinox hemispheres (February–April and
August–October) are greater than that between the summer
and winter hemispheres (May–July and November–January).
Aside that the asymmetry of solar energy input into the
two hemispheres is more obvious in solstices than in the
equinoxes, the different occurrence rates of ionospheric neg-
ative or positive storms may also be an important cause. Ac-
cording to Field and Rishbeth (1997) and Pr¨ olss (1995), neg-
ative storm effects are observed to extend all the way from
the polar region to the subtropics during summer, while dur-
ing winter they are restricted to the higher latitude region,
and positive storms are mainly observed in winter. But these
differences are not obvious in the equinox hemispheres. The
different phases of the ionospheric storms which occurred in
the winter and summer hemispheres may decrease the cor-
relation coefﬁcients between the conjugate points. In ad-
dition, the difference in the motion directions of the mid-
latitude/high-latitude trough may also decrease this correla-
tion. It is shown from Fig. 3b, in the mid-latitude of the
Northern Hemisphere (from 40◦ to 60◦), the meridional cor-
relation distance is larger in summer than in the equinox
and larger in equinox than in winter. As described above, it
mainly occures during negative storms in summer in the mid-
latitude (from 40◦ to 60◦), while in winter it is a transition
area between a negative and positive storm. It is also shown
in Fig. 3b that the meridional correlation distance is larger in
daytime than nighttime, except for the equatorial area. Ac-
cording to Balan and Rao (1990) and Pr¨ olss (1995), nega-
tive storms at middle latitude are usually observed to follow
magnetic activity which occurred during the preceding night,
while positive ionospheric storms are generally associated
with magnetic activity beginning in the local daytime sector.
These local time variations of ionospheric negative/positive
storms might contribute to the differences in the meridional
distance between the daytime and night in the higher latitude.
5 Conclusions
In this paper, the spatial correlations of ionospheric day-to-
day variability are investigated, for the ﬁrst time, by statis-
tical analysis on GPS and Incoherent Scatter Radar observa-
tions in a global scale. The meridional correlations show sig-
niﬁcant (>0.8) correlations in the latitudinal blocks of about
6 degrees on average. Relative larger correlations of TEC’s
day-to-day variabilities can be found between magnetic con-
jugate points. This phenomenon may be due to the geo-
magnetic conjugacy of several factors, such as electric ﬁeld
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ﬂuctuations, ﬁeld-aligned plasma ﬂows, and the polarization
electric ﬁeld, which are the causes of the ionospheric day-
to-day variability. The correlation coefﬁcients between geo-
magnetic conjugate points have an obvious decrease around
sunrise and sunset at the upper latitude (60◦) and their values
are bigger between the winter and summer hemispheres than
between spring and autumn hemispheres. The time delay of
sunrise (sunset) between magnetic conjugate points with a
high dip latitude is a probable reason. The asymmetry of the
occurrence of a negative/positive storm in the solstices may
also decrease the correlation.
In the daytime, the meridional correlation distance is big-
ger in the mid-latitude than in the low and equatorial lati-
tudes, while no evident latitude variations around midnight
are found. However, around sunrise, the meridional correla-
tion distance is larger in equatorial area than at mid-latitude.
The meridional correlation distance is larger in day time than
night time, but the arisen time of the maximum is different at
different latitudes. The zonal correlation distance increases
with the increase in latitude in both hemispheres. Except for
in the mid-latitude of the Southern Hemisphere (between –
60◦ and –40◦), where the zonal correlation distance is larger
in the nightside than in the dayside, there is no distinct lo-
cal time variation. The vertical correlation distance increases
with the increase in altitude and is larger during the day
than at night. These variations of the correlation distance of
the ionospheric day-to-day variability versus different factors
can generally be interpreted by the variations in the control-
ling factors, which may have different spatial scales. The
inﬂuences of the occurrence of ionospheric storms may not
be ignored. Further modeling and data analysis are needed
to address this problem.
As indicated by Araujo-Pradere et al. (2005), it may
be more accurate when considering the variability of the
ionosphere in ionospheric modeling and forecasting (Stanis-
lawska et al., 1996). Speciﬁc representation of the spatial
correlation of ionospheric day-to-day variability may also be
valuable in ionospheric modeling, especially in practical use
for space weather. Furthermore, our results are useful for
constructing background covariance matrix when assimilat-
ing observations into models, especially empirical models,
by a 3DVAR or Kalman Filter method (Bust et al., 2004;
Fuller-Rowell et al., 2006).
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